Objectives
==========

1\) Appreciate how a target concentration (TC) strategy is essential for rational clinical use of medicines2) Understand when and why individual patient monitoring can be used for dose individualisation3) Distinguish target concentration intervention (TCI) from therapeutic drug monitoring (TDM)

The target principle of dosing
==============================

Therapeutics involves a two-step decision process. First, a suitable medicine is chosen to treat the disease process. Second, the right dose of the medicine must be administered to achieve the required effect to treat the disease.

The target approach links pharmacokinetics (PK) with pharmacodynamics (PD) to predict the right dose for a patient.\[[@B1]\] Once a medicine has been chosen to achieve a desired clinical response, the target effect for the patient should then be established. The choice of target effect is always a balance between therapeutic benefit and toxicity and this requires clinical judgement along with comprehensive knowledge of the properties of the medicine. Once the target effect has been decided, the prediction of the right dose can then be done rationally based on knowledge of PD and PK.

All drug effects are linked to concentration and that link is defined by a PD model. The most widely used is the E~max~ model (Equation 1) which is described by the maximum response, E~max~, and the concentration producing 50% of E~max~, C~50~.\[[@B2]\]

$$Effect = \frac{E_{max} \times Concentration}{C_{50} + Concentration}$$

The E~max~ model can be re-arranged to predict the target concentration required to achieve the target effect (Equation 2).

$$Target\:Concentration = \frac{Target\:Effect \times C_{50}}{E_{max} - Target\:Effect}$$

With the target concentration in hand it is then simple to predict the loading dose to reach the target concentration (Equation 3) and the maintenance dose rate to keep the effect on target (Equation 4).\[[@B3][@B4]\]

How does this work?
===================

How can the target concentration be calculated if there is no PD model available? Suppose the target effect for morphine is to reduce post-operative pain to an acceptably mild degree without unacceptable adverse effects. A commonly recommended dose of morphine sulfate is 5 mg repeated every 4 h according to response.\[[@B5]\] Because morphine sulfate is only 75% morphine this corresponds to a morphine dose of 3.76 mg/4h or 0.94 mg/h. For a 70kg adult, the plasma clearance is about 86 L/h,\[[@B6]\] so the steady state target concentration (using Equation 4) is 0.94/86 = 0.011 mg/L. For a 70kg adult, the steady state volume of distribution of morphine is about 350 L so the intravenous loading dose (using Equation 3) is 350 L x 0.011 mg/L which is about 3.8 mg morphine or 5.1 mg morphine sulfate. This loading dose is consistent with the usual starting dose of 5 mg morphine sulfate. This shows how the target concentration can be worked out based on doses that have already been worked out by trial and error.

For some medicines a so called therapeutic range of concentrations has been established by trial and error approaches. This range of concentrations is better thought of as an acceptable range as it does not define the target concentration. With the initial guidance of the acceptable range, a clinical trial can be designed to compare potential target concentrations. This approach was used find the target concentration for starting treatment with theophylline in patients with severe airway obstruction.\[[@B7]\] Patients were randomised to targets of 10 and 20 mg/L and clinicians adjusted the dose after measuring concentrations to reach the target. This trial showed 10 mg/L was better than 20 mg/L. It produced a reasonable bronchodilator effect without serious adverse effects. Subsequent analysis of the results led to development of a PD model for theophylline.\[[@B2][@B8]\]

Three ways to dose
==================

There are 3 ways to think about choosing the dose.

The population dosing method uses the same dose for everyone. This method is also known as fixed dosing or "one size fits all". Due to its convenience it is the most commonly used method, however, by treating everyone as though they were the same, it ignores differences between patients. This means that some patients are either under-dosed or over-dosed.The group dosing method uses patient factors such as weight, organ function or co-medication to predict the dose suitable for a group of patients with similar factors. Dosing in children is nearly always based on weight or age. The use of weight or renal function to adjust the dose is recommended for some medicines but is probably not used as often as it should be.Individual dosing based on patient response is widely used when the response is easily measured. For example, anti-hypertensive doses are usually adjusted based on the blood pressure response. The use of other response markers such as the international normalised ratio (INR) response to warfarin or the concentration of an antibiotic such as gentamicin are also examples.

Understanding patient variability and dose individualisation
============================================================

The key properties of a medicine that determine concentrations and effects are CL, V, E~max~ and C~50~. Patient variability in response can be explained by individual differences in these properties. Some variability is predictable and some is unpredictable.\[[@B9]\]

Predictable variability
=======================

Propofol is a commonly used intravenous anaesthetic whose dose is largely predictable from weight and age ([Fig. 1](#F1){ref-type="fig"}). This figure shows observed clearance values (red) over a wide range of weight and ages. Predictions of clearance based only in weight (allometry) or weight combined with age (maturation) show that up to 80% of variation in clearance is predictable and this can be used to work out the infusion rate of propofol. The plasma clearance of propofol in a 70 kg adult is about 2 L/min or 120 L/h and the target concentration is 5 mg/L so the required infusion rate is 600 mg/h (using Equation 4).

Unpredictable variability
=========================

Despite the consideration of covariates (e.g. weight, sex, age, disease, concomitant medications), there remains a substantial variability in clearance which cannot be predicted. This is attributable to seemingly random differences between and within patients. This between patient unpredictable variability is the reason for measuring patient responses on treatment because the response can be used to identify the individual difference. This now allows a better prediction of the dose for that individual. This principle applies not only to clearance differences but also the other 3 key drug properties of V, E~max~ and C~50~.

Therapeutic drug monitoring or target concentration intervention?
=================================================================

Therapeutic drug monitoring (TDM) is a traditional concept associated with empirical 'seat of the pants' dose adjustment determined by a measurement being outside a 'therapeutic range'. The therapeutic range is hard to identify and is often mistakenly justified because it is based on the same concept as a normal reference range for endogenous substances (e.g. sodium, potassium). As drug concentrations are continuous, a concentration at the bottom of the range has a very different meaning (close to being ineffective) from one at the top (close to being toxic), however, TDM practitioners usually ignore this and are happy to do nothing as long as the concentration is 'within range'. TDM is typically limited to measuring a response such as concentration without any clear understanding that the response provides feedback on how the individual patient differs from the other patients, and this needs to be used to predict the required dose and then that dose should be administered.

Target concentration intervention (TCI) is a science based method that uses PK and PD principles to identify how patients are different in terms of parameters such as CL, V, E~max~ and C~50~ and give the dose needed to reach the target. The first component of TCI is to use the individual parameters to predict the dose required to achieve the target as explained above. The second component of TCI is to administer the predicted dose in order to achieve the therapeutic target. It has been shown to improve clinical outcome as well as being a cost-effective use of health resources.

When to use TCI
===============

The first reason for using TCI is when the effect of treatment on the desired outcome cannot be easily measured. Cardiac anti-arrhythmic drugs and anti-convulsants (brain anti-arrhythmic drugs) may be having a useful effect but often arrhythmias (heart or brain) occur only intermittently so direct observation may not provide enough feedback to know if the treatment is effective. TCI can be used to maintain drug concentration, a surrogate for anti-arrhythmic effect, at a target which is known to be effective in most people ([Fig. 2](#F2){ref-type="fig"}).

The second reason for using TCI is when group based dosing (e.g. using weight) does not reduce between subject variability sufficiently so it becomes safe and effective within such a group. Group based dosing removes the predictable component of between subject variability but the remaining unpredictable component may still be too large for the medicine to be used safely and effectively. This is where the use of individual patient response can further reduce variability and improve the probability of patients being within an acceptable range around the target concentration.\[[@B11]\] Eventually a limit of variability reduction is reached, attributable to within subject variability, that cannot be influenced by TCI.

The target concentration strategy
=================================

The target concentration strategy ([Fig. 3](#F3){ref-type="fig"}) is an algorithm for reaching the best individual dose. It starts with choosing a target concentration.\[[@B12]\] A group value for volume (V) and or clearance (CL) is determined before the medicine is given. These PK parameters are then used to calculate the initial loading dose (LD) and maintenance dose rate (MDR). A response is measured reflecting how the individual is different from the group of patients with similar covariates (e.g. weight, renal function, etc). If the response is a measure of drug effect (e.g. INR), then it can be used to revise the target concentration. If the response is a concentration then it can be used to revise V and CL. Most commonly the focus will be on CL so that a new individualised maintenance dose rate can be calculated.

Target concentrations and PK parameters are known for most medicines which are helped by TCI. The PD parameters for medicines that use TCI are typically not well known. This is a reflection of the difficulty of measuring a clinical response that can be related to concentration.

When to measure the response?
=============================

A rational approach to measuring drug concentrations is based on using the measurement to predict PK parameters - most commonly clearance.

The least informative time to measure concentrations is just before the next dose (the 'trough' concentration) unless this is paired with another 'peak' concentration. This is because clearance determines the average concentration, so measuring a concentration in the middle of the dosing interval will be closer to the average and therefore more useful for predicting clearance.

A concentration in the middle of the dosing interval (Ctmid) will be closer to the average steady state concentration (Css) then either a peak or trough concentration ([Fig. 4](#F4){ref-type="fig"}).

Clearance is easily calculated from CL=DoseRate/Css which can be approximated by CL=DoseRate/CTmid.

Gentamicin concentrations with once a day dosing vary considerably. The trough concentration, typically measured at 24 hours after the last dose, is often unmeasurable because it is below the limit of quantitation. Gentamicin concentrations vary widely in a dosing interval so two concentrations are needed to reliably estimate clearance. The sooner the sample is taken the sooner concentrations can be used to improve dosing. These concentrations are best measured at one and eight hours after the dose. In this example a dose of 240 mg was given every 24 hours ([Fig. 5](#F5){ref-type="fig"}).

The concentrations measured at these times can be used to estimate the individual V and CL parameters. V can be approximated from the first concentration (C1 ≈ 13 mg/L) assuming about 15% of the dose is eliminated in 1 hour:

$${}\begin{matrix}
{\text{V} = 0.85 \times \frac{\text{Dose}}{\text{C1}}} & {\text{i.e.\:V} = 0.85 \times \frac{240\:\text{mg}}{13\:\text{mg/L}}} \\
\end{matrix} = 15.7\text{L}$$

Half-life can be estimated from C1 at time T1 (1 h) and the second concentration (C2 ≈ 2.5 mg/L) at time T2 (8 h):

$${}\begin{matrix}
{\text{K=In(}\frac{\text{C1/C2}}{\text{T2−T1}}\text{)}} & {\text{i.e.\:K=In(}\frac{13/8}{8 - 1}\text{)=}\text{0.236h}^{\text{−1}}} \\
{\text{T}_{\text{half}}\text{=}\frac{\text{In(2)}}{\text{K}}} & {\text{i.e.\:}\text{T}_{\text{half}}\text{=}\frac{\text{In(2)}}{\text{0.236h}^{\text{−1}}}\text{=2.94h}} \\
\end{matrix}$$

CL can then be calculated:

$${}\begin{matrix}
\text{CL=V×K} & {\text{i.e.\:CL=15.7L×}\text{0.236h}^{\text{−1}}\text{=3.7L/h}} \\
\end{matrix}$$

The bottom line - TCI is better than TDM
========================================

[Figure 6](#F6){ref-type="fig"} shows the main differences between the TDM and TCI approaches. Because TDM focusses on concentration and not on changing the dose to achieve the desired outcome it is a sub-optimal method. TCI on the other hand focusses on changing the dose to achieve the target response and the desired outcome. The interpretation of the concentration may be relatively easy in some cases if the sample is likely to be an average steady state concentration. More commonly the interpretation needs to be taken note of the wider context of what is known about the PK (and PD). Methods such as Bayesian forecasting make the most out of limited sampling data. They have been in use since the early 1970s \[[@B13]\] and are the still the state of the art.

The difference in clinical outcome between the TCI and TDM approaches has been clearly demonstrated when using mycophenolate concentrations to optimise immunosuppression after renal transplantation. There are 2 landmark TCI trials - the first \[[@B14]\] used a randomised concentration controlled trial approach to compare 3 potential targets. The target dose was predicted using Bayesian methods and the predicted dose was administered resulting in three groups of narrowly defined concentrations. The rate of transplantation rejection was clearly reduced. The second TCI trial \[[@B15]\] compared an exposure target identified from the Hale 1998 study and compared it, using Bayesian dose individualisation, to standard of care. Once again there was a dramatic reduction in transplant rejection. Two other large trials which used similar concentration sampling but left it to the clinician to calculate the dose and decide whether to adjust the dose showed no benefit in the TDM group compared with the control group.\[[@B16][@B17]\]

TDM has been common in clinical practice because it is easy to do (measure the concentration) and requires little further effort from the clinician. Trough concentrations are widely measured but this is the least informative time to learn about a key parameter such as CL. This means that the dose may be only changed if the concentration is outside the therapeutic range and when inside the range the measurement is often confused with the target.

TCI is an active process that builds upon the measurement of a concentration sampled at a time that can aid the identification of parameters such as CL in an individual. The parameters are used to predict the target dose and the dose is administered with further iterations of the target concentration strategy.
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